Recently, there is an increasing need for accurate and rapid thermal measurement of soils. Within a variety of available methods a needle probe test is most widely used. The needle probe method was standardized for the measurement of thermal conductivity of soils and soft rocks. In the paper, two different interpretation methods of the needle probe test were used for determination of thermal conductivity of selected soils. The first method (ASTM D5334-05 Standard approach) takes into account only the data which are recorded during heating while the second approach is based on fitting the known analytical solution to the data obtained within both heating and cooling phases. The soil samples used were classified as clayey ones. Laboratory tests were performed using the KD2Pro thermal conductivity meter (Decagon Devices) with a TR-1 sensor. The main goal of the paper is to show that the selection of interpretation method is very important and may lead to significant differences in resulting thermal conductivities.
INTRODUCTION
Soil or rock thermal properties are recently of great importance in many engineering projects, e.g., in design of geothermal heating and cooling systems, pipelines, buildings in cold regions, underground power cables or coal gasification, etc. [6] . In general, these properties are important in every situation where heat transfer takes place in the soils or rocks.
Both thermal conductivity and specific heat are the main parameters affecting the transfer of heat energy through a given medium. This heat transfer is commonly described as the conductive flow. However, in many cases such mechanisms as convection or radiation also contribute to the overall transfer -this is particularly common in fluids or gases. For solids or particulates, the conductive mechanism overwhelmingly controls. It should also be mentioned that such phenomena as water phase changes and their associated energy very often have a significant effect on the process of heat transfer in soils [6] . In addition, as the most difficult problem in the field of soil heat transfer, De Vries [4] has pointed out the case of the combined (simultaneous) transfer of heat and moisture.
Due to the aforementioned interest in soil thermal properties there is an increasing need for accurate and rapid thermal measurement of soils. Generally, the methods for measuring thermal conductivity can be classified into two categories, i.e., steady-state and transient heat transfer methods [11] . Steady-state methods often require a long time to complete as a sample or soil portion being tested should be in a steady state when the measurements are made. On the contrary, transient methods usually require much less time and, in addition, are more versatile and easily performed [5] . Recently, the line source method is most widely used. Within this method a steel needle probe, as a heating source, inserted into soil material is usually utilized. During the measurement the probe is heated and the change in temperature, for heating and cooling phases, is recorded. In general, the probe mimics a transient-line heat source for which an analytical solution has been obtained by Carslaw and Jaeger [3] . A large number of scientists have used the needle probe for determining thermal conductivity of soils (e.g., [12] , [8] ), snow (e.g., [13] ) or materials from food industry (e.g., [7] ).
The needle probe method was standardized for soils and soft rocks ( [2] , [9] ). Here the focus is on the influence of the interpretation method on the resulting thermal conductivity for samples of clayey soils. Both aforementioned standards, namely [2] and [9] , propose determining thermal conductivity on the basis of the temperatures recorded only for the heating cycle. Roughly speaking, this type of interpretation consists in plotting the data on a semi-log graph, selecting a portion of the data by eye that appears to fit a straight line, selecting two points on that line and calculating the thermal conductivity from the slope of the straight line. It is shown in the paper that taking into account temperature rise data for both heating and cooling phases may lead to significant differences in thermal conductivities when compared to the results obtained using approaches presented in [2] and [9] .
The soils used for laboratory experiments were classified as clayey ones. For each soil sample the needle probe test was performed and the results obtained for two different interpretation methods are compared. The device used for thermal conductivity measurement is the KD2Pro thermal conductivity meter with a TR-1 sensor [10] . The paper is organized as follows. Section 2 provides a brief theory background concerning the problem of temperature increase of an infinite linear constant heat source within an infinite medium. In Section 3, two different interpretation methods are presented. In Section 4, the results of the measurements as well as thermal conductivities obtained are provided. The differences between estimated conductivities are calculated and discussed. Final conclusions end the paper.
THEORY OF THE PROBE METHOD
The theory of the probe method is based on the solution of the line heat source placed within an infinite, isotropic and homogenous medium of thermal diffusivity D. For such medium the heat flows from the source in accordance to the general Fourier equation. For cylindrical coordinates, corresponding to the expanding radial field around the probe, the equation is
where T is the temperature at time t and r is the radial distance from the line source.
Assuming that the heat is produced from time t = 0 at a constant rate q per unit length of probe, Carslaw and Jaeger [3] obtained the analytical solution, namely the temperature increase (or decrease) ΔT of the medium
Note that equations (2) and (3) 
which can be approximated by the series expansion [1] 
THE NEEDLE PROBE TEST INTERPRETATIONS
As mentioned in the Introduction, both [2] and [9] standards propose to determine thermal conductivity on the basis of temperature data recorded only for the heating phase. Interpretation method is based on the fact that, for long times when r is small and D is large, the terms beyond lnα in the series expansion of Ei (5) become negligibly small. Hence, ΔT is linearly related to lnt and equation (2) can be approximated as
where C is a constant. Therefore, performing an interpretation proposed by ASTM D5334-05 [2] one has to plot all data as a function of time on a semilog graph. Then one has to select linear portion of the curve and draw a straight line through the points. The linear portion of curve is treated as a quasi-steady state one. Next, the times t 1 and t 2 at appropriate points on the line have to be selected and corresponding temperatures T 1 and T 2 should be read. Finally, thermal conductivity k is calculated using the slope S of the function (6), i.e.,
Contrary to ASTM D5334-05 approach, another proposition is to take into account both heating and cooling phases. Then the resulting data are fit to the following equations [10] t m t m m T ln
for heating, and
for cooling phase. In the equations above, m 0 can be treated as the ambient temperature, m 2 is the rate of background temperature drift, and m 3 is the slope of a line that relates temperature increase to lnt.
Since equations (9) and (10) are long time approximations it is proposed to ignore early time data. Speaking more precisely, only the final 2/3 of all the data collected (during heating and cooling) are used for fitting. While the parameters m 0 , m 1 , m 2 and m 3 are found (here the least squares analysis using Mathematica [14] is performed), the conductivity is calculated as:
LABORATORY INVESTIGATIONS AND RESULTS

THERMAL CONDUCTIVITY METER
Laboratory tests were performed using the KD2Pro thermal conductivity meter (Decagon Devices) with a TR-1 sensor (2.4 mm in diameter × 100 mm in length). The device, namely the KD2Pro meter, as well as TR-1 sensor are presented in Fig. 1 . For thermal conductivity determination the range of measurement of TR-1 sensor is: 0.10 to 4.00 W/(mK), while the accuracy is: ±10% from 0.2-4 W/(mK) and ±0.02 W/(mK) from 0.1-0.2 W/(mK) [10] . Ten soil samples were selected for laboratory tests. As mentioned in the Introduction, the soils used for laboratory investigations were classified as clayey ones. Each soil sample is a cylindrical core having a radius equal to 7-7.5 cm and a height of 35 to 50 cm. The sample notations as well as water content and densities are summarized in Table 1 For each soil sample the needle probe test was conducted and the interpretation of obtained data, using both aforementioned approaches (ASTM D5334-05 Standard proposition -only heating phase vs. both heating and cooling phase fitting), was performed. The heating time, t h , is set to 150 seconds. In Figs. 2-11 , the resulting data for all 10 tests are graphically presented. In each figure, on the left, only a linear portion of heating curve for ASTM D5334-05 Standard interpretation is shown. On the right, all recorded data (for both heating and cooling phases) as well as fitting functions (9)-(10) are provided. Since only the final 2/3 of collected data are used for fitting the first 1/3 are presented by grey (instead of black) dots. Table 2 summarizes interpretation data as well as the values of thermal conductivities (k ASTM ) obtained in accordance with ASTM D5334-05 Standard -relation (7). In Table 2 , such data as the slope of the straight line S (determined using equation (8)) and the heat input rate q are provided. Thermal conductivity ranged from 1.245 [W/(mK)] for sample C5 to 2.445 [W/(mK)] for sample C7. Note that C5 and C7 are the soil samples having the greatest and the lowest moisture content (see Table 1 In Table 3 , the data for interpretation method which takes into account both heating and cooling phases, are shown. Table 3 presents, in addition, the values of thermal conductivities k calculated using equation (11) . Note that the heat input rate is the same as presented in Table 2 . Again, the minimum and maximum values of thermal conductivity were obtained for samples C5 and C7, respectively; thermal conductivity ranged from 1.131 to 2.190 Next the relative differences between the conductivities obtained from two interpretation methods were calculated. Table 4 presents the percentage values of differences calculated as
T a b l e 4
Relative differences between the conductivities obtained from two interpretation methods Observing the results (Table 4) it can be seen that, in some cases, the two interpretation methods considered may lead to significant differences in resulting conductivities. While the results for samples C3, C4, C9 and C10 are comparable (relative difference ranged from 3.06% to 6.17%), the differences for conductivites of remaining samples take rather significant values. The percentage difference ε ranged from 9.80% for sample C1, up to 27.84% for sample C8. Especially, the conductivity difference between two interpretation methods is noticeable for sample C8 -ASTM D5334-05 Standard approach gives the conductivity k ASTM = 2.443 [W/(mK)] whereas for interpretation based on both heating and cooling phases the conductivity is k = 1.911 [W/(mK)].
CONCLUSIONS
In the paper, two different interpretation methods of the needle probe test were used for determination of thermal conductivity of clayey soils. The results obtained were compared. The first method considered (ASTM D5334-05 Standard approach) takes into account only the data which are recorded within the heating phase. In other words, the temperature vs. time plot during cooling phase is ignored. The second approach is based on fitting the known analytical solution ( [3] , [10] ) to the data obtained within both heating and cooling periods.
Ten samples of clayey soils were selected for laboratory tests. In the case of four soils investigated the resulting conductivities are comparable -relative differences between the two interpretation methods ranged from 3.06% to 6.17%. The next four soils exhibit the difference at the level of 10-11%. What is most important, in two cases, i.e., for the samples denoted as C6 and C8, the relative differences are 17.22% and 27.84%, respectively. Furthermore, we cannot clearly state that one method overestimates/underestimates the other one.
The main goal of the paper was not to decide on the superiority of one method over the other. However, the results presented in the paper showed that the selection of interpretation method (for the needle test probe) is very important and may lead to significant differences in resulting thermal conductivites. The ASTM D5334-05 Standard approach is certainly much easier to use, as the fitting of heating phase results is performed by a straight line, but on the other hand, selecting a portion of the data by eye that appears to fit a straight line is rather moot. Whithin the second approach both heating and cooling data have to be recorded. Moreover, fitting is more difficult, as four parameters have to be determined for functions (9) and (10) . However, it seems that taking into account both phases of measurement may lead to a "smoother" result when compared to the approach proposed by ASTM D5334-05 Standard.
